We propose and demonstrate a versatile, low-loss, polarization-insensitive, and wideband mode converter that can be utilized for mode conversion as a basic component in various photonic integrated circuits. The proposed converter is comprised of two reverse wedge-shaped waveguides and can be easily fabricated by a standard fabrication process. To verify its good performance and universality, we present two applications, including power coupling between a laser diode and a waveguide on the TriPleX platform and mode conversion between a strip waveguide and a slot waveguide on a silicon-on-insulator platform. For both examples, the insertion loss is less than −0.12 dB and −0.5 dB at around 1550 nm for the transverse electric (TE) mode and the transverse magnetic (TM) mode, respectively, by numerically study. Moreover, it maintains very low loss across a wavelength range of 300 nm for both polarization modes.
Introduction
The mode conversion is one of the three fundamental functions of passive components in integrated optics, namely, power coupling and conversion, transmission, and resonance. Hence, the mode converters on chip have been paid much attention in different applications. For polarization-transparent microsystem, polarization diversity circuit, and other polarization sensitive applications, many polarization rotators and splitters from different schemes have been reported [1] - [4] . For the power coupling from fiber or diode laser, mode size converters are widely utilized [5] - [8] . Other applications such as the photonic crystal circuit, the mode division multiplexing system, and the power transfer between different waveguides on chip also require a mode converter [9] - [11] .
In many applications, waveguide taper is generally used in optics to adiabatically convert mode size between different waveguides with a very low loss. To achieve the adiabatic taper structure, the index profile has to vary slowly along the propagation direction. However, in the applications which involve the mode conversion in the vertical direction, it is complex for planner waveguide technology to process vertical taper structure based on the fabrication of ultra-violet grayscale lithography [12] - [15] . In this paper, we propose a novel concept of mode converter based on the idea of pattern extension at the sidewall of wedge-shaped waveguides, which is able to convert mode size in the vertical direction with a negligible loss. In the proposed scheme, the wedge-shaped waveguides are laterally tapered to realize the function of the vertical taper. Hence the vertical taper is no more needed in the proposed structure which is easy for standard fabrication technology to process. More importantly, we theoretically demonstrated that the proposed structure can be a versatile mode converter between different waveguides which have disparate geometries in both the horizontal and vertical direction as a basic element in many applications. For example, it can also achieve a near lossless mode conversion between strip waveguide and slot waveguide or between strip-ridge waveguides, which have attracted much research interest in recent years [11] , [16] , [42] , [43] . To verify its universality and good performance, we present two examples in different cases of mode conversion. In example I, the proposed structure serves as an end-fire coupler between TriPleX waveguide [17] and diode laser which is the first time to solve the problem to our knowledge. In example II, it is utilized as a solution for mode conversion between strip waveguide and slot waveguide on a silicon-on-insulator (SOI) platform. Compared to the reported solutions, the proposed converter not only has similar compact size and excellent performance but has an advantage in terms of the polarization property as well.
This paper is organized as follows: The principle of the proposed mode conversion is analyzed in Section 2. Sections 3 and 4 give the two examples, respectively. The final section gives the conclusion and points out the possible improvement of the proposed structure.
Principle
As shown in Fig. 1(a) , the fundamental structure of the proposed mode converter consists of two wedge-shaped waveguides with different cross sections. Note that the material of the two waveguides may be different in some cases. Because of the special shape of top view, we call it double-wedge-shaped mode converter. From the top view of the structure shown in Fig. 1(b) , we can see that there are only three parameters which should be confirmed. The first two parameters are the length of the taper of the wedge-shaped waveguide type I and type II respectively. The final parameter is the distance between the tips of the two tapers. From the analysis below, the converter with a set of suitable parameters can achieve nearly 100% mode conversion efficiency between the modes of the two waveguides. In the rest of this section, we give the principle of the mode conversion based on mode coupling theory. For the convenience of analysis, the structure is divided into three regions shown in Fig. 1(b) and the rectangular coordinate system is used.
According to the optical waveguide theory [18] , the power loss in the conversion process of the double-wedge-shaped structure can only come from the non-uniform region (region II) and the two interfaces between different regions as shown in Fig. 1(b) in lossless material, which relates to the cross section evolution from region I to region III, as shown in Fig. 1(d)-(f) .
First, we discuss the power loss at the interface. Considering the continuity of transverse field at the interface, we can get a set of equations 
where the superscript denotes the propagation direction that "+" denotes the forward direction and "−" denotes the backward direction, E þ I;j denotes the electric field of mode j in the region I, I;Àij denotes the coupling coefficient between the backward mode i and the forward mode j and c ij denotes the coupling coefficient between the mode i and the mode j, other symbols have similar meanings. Note that the leaky modes are included in the summation formula P i c ij E þ II;i ðx ; y ; zÞ and all the fields in (1) and (2) have unit normalization. Equations (1) and (2) are rigorous derivation from Maxwell's equations. In many practical applications, the backward fields are so weak that we can neglect them. In this approximation, multiply (1) and (2) by H Ã II;i and ÀE Ã II;i respectively and then integrate them over the cross section (x , y plane). Utilizing the orthogonality of the optical modes in region II, we can get
Referring to [19, App. II] , (3) is equivalent to
where is the propagate constant of the mode, and n Il and n I are the refractive index profile of region II and region I, respectively, which are the function of x , y , and z. There are two cases to consider. For the case that the refractive index profile at the interface is continuously changed in three directions from one region to another, we can get that
For the other case that the refractive index profile has step change in one direction such as in the vertical direction (y ) as shown in Fig. 1 (c) and (d), according to (4), we can get that
For simplicity, c jj can be the evaluated from (6) based on energy conservation that
If Áx cannot be zero limited by the fabrication technology in some applications, the evaluation of power loss is derived from (6)
Note that when Áx is much less than w 1 shown in Fig. 1(d) , (6) can also be a good approximation for (8) because E I;j ; E Ã II;i are usually weak at the nonzero region of lim z II !z I ½n 2 II ðz II Þ À n 2 I ðz I Þ which is the gray shadow region in Fig. 1(d) . This is the origin of the idea that is converting the mode size at one sidewall of the laterally tapered waveguide instead of at the center.
Based on the analysis, we can conclude that the power loss at the two interfaces of the double-wedge-shaped mode converter can be ignored so long as the width of the tips of the two tapers shown in Fig. 1(b) is small enough.
With respect to the power loss in the region II of which the corresponding cross section evolution is shown in Fig. 1(d) -(f), we use the local mode coupling theory [20] to describe
where b j and b Àj denotes the amplitude of local forward field and backward field, respectively, of mode j, other symbols have the same meaning as above equations. The coupling coefficient between mode j and mode l is given by
where e j ; e l denotes the normalized local electric field of mode j and mode l, respectively. For simplicity, we consider the case that slow variation condition for region II is met and the backward fields are neglected meanwhile. We assume that only the local mode j is excited at the start of the region II. From the preceding analysis, this assumption is a good approximation so long as the width of the tips of the two tapers is small enough. For other local mode l 6 ¼ j, b l ðzÞ is approximately given from (9) by
where z ¼ 0 denotes the position of the start of the region II. Here, we neglect the coupling between mode l with other modes m 6 ¼ l; j, as their power is so weak. Thus, the total power loss at region II and the conversion efficiency can be given, respectively, by
where z end denotes the end of the region II. With (11)- (13), we can evaluate the power loss at the region II, and if the low variation condition is satisfied, the loss would be very small. It is worth noting that above equations are valid only under the slow variation condition. Therefore, we would like to make a discussion on this further. Many references [19] - [21] hold the view that the slow variation condition is equivalent to the circumstance that the distance over which the refractive index profile change should be much longer than the maximum local beat length ðL ¼ 2=ð j À l ÞÞ of the local modes. If the slow variation condition isn't met, the power loss would be sensitive to the length of the region II and fluctuate with the length, which is also discussed in the example below. In practical design, numerical method such as finitedifference-time-domain (FDTD) method, eigenmode expansion (EME) method and so on is well suited to help confirm the length of the region II. Two examples below in this paper have taken advantage of this idea.
At the end of this section, the polarization property of the double-wedge-shaped mode converter is talked about. In (1) and (2)
wherex andỹ are the unit vectors in x and y directions, respectively, E x ; E y are the electric filed components in x and y directions, respectively, and H x ; H y are the magnetic field components in the two directions. Hence, (1) and (2) Likewise, (9) is equivalent to
where the superscript x and y denote the direction of the filed component. It is not difficult to see, whether the dominant transverse electric field is parallel (TE, E x ) or normal (TM, E y ) to the substrate, (1) and (9) are satisfied. Hence, the conclusion about the power loss at interface and region II is always valid no matter what the polarization of the mode field is. Merely the required length of region II to meet the slow variation condition may be a bit different due to the difference of the maximum local beat length between TE mode and TM mode.
Example I: Design of Coupler Between TriPleX Double-Strip Waveguide and Laser Diode
TriPleX waveguide technology is one of the three major integrated optics platforms [22] . Compared with SOI, they both satisfy CMOS-compatible industrial standard but TriPleX waveguide technology has two attractive advantages in addition [17] . One is the very low loss characteristic that is record below 0.001 dB/cm at near 1550 nm [23] . Another is the ultra-wide transparency wavelength range that is from 400 nm to 2300 nm [17] . The inset of Fig. 2(a) shows one of the three typical waveguide structures of TriPleX technology that is called "double-strip TriPleX waveguide" [24] . It consists of two strips of Si 3 N 4 with thickness of 170 nm and they are 500 nm apart in the vertical direction. Other regions including the core region between the two strips and the cladding are filled by different types of SiO 2 . Due to the low loss (< 0.1 dB/cm at 1550 nm) and high confinement for light (< 0.1 dB/cm for the bend radius ! 70 m at 1550 nm) [25] , many applications have been reported in different domains, such as photonic integrated circuit for microwave photonics [24] , [25] ; analog signal processor in RF photonic frontend [26] , [27] ; on chip time-bin entanglement systems for quantum communication and computation [28] ; nonlinear-based memristor [29] ; and so on.
Nevertheless, the mode profile of the double-strip TriPleX waveguide has a great mismatch with diode laser of which the diameter is commonly 1 m Â 4 m. In the applications where the double-strip TriPleX waveguide need to couple with diode laser directly such as on-chip tunable laser [30] , hybrid integration system on chip in optoelectronics [31] or in data center [32] , etc, there is a big challenge in power coupling between the diode laser and the double-strip TriPleX waveguide. Here, the double-wedge-shaped structure offers a good solution to this matter.
Due to the dimension of the proposed mode converter is about 2 um Â 100 m, it will cost large computer memory resources based on the FDTD method. Hence, we utilize EME method to numerically study the structure, which is an ideal tool to simulate these structures whose size are at hundreds of microns. In the study, we set the simulation mesh size to 20 nm, 10 nm in the horizontal and vertical direction of the cross section, respectively, and divide the structure into one cell,100 cells and one cell for the three regions respectively stated in Fig. 1(b) . Fig. 2(a) shows the structure for the power coupling between the diode laser and doublestrip TriPleX waveguide. The length of the two tapers is 90 m and 45 m respectively while the distance between the tips of the two tapers is 75 m so the total length of the structure is 90 m. The slab waveguide [shown in the inset of Fig. 2(a) ] whose mode profile diameter is about 1 m Â 4 m as shown in the inset of Fig. 2(b) is designed for butt coupling with diode laser and its parameter can be adjusted for specific application. The details about the butt coupling were discussed in our previous work [33] . Hence, in this paper we focus on the mode conversion between the slab waveguide and the TriPleX waveguide which involves the mode conversion not only in the horizontal direction but also in the vertical direction. The simulation is performed by a 3-D EME method.
The proposed structure is studied by three dimensional (3D) EME method. As shown in Fig. 2(b) , the coupler works well to convert the TE modes between the two types of waveguides intuitively from the electric field distribution at free space wavelength of 1550 nm. Quantitative result about the insertion loss as a function of wavelength and polarization is shown in Fig. 3 . The low loss band for both TE mode and TM mode are very wide and the insertion loss is only −0.08 dB and −0.17 dB at near free space wavelength of 1550 nm, respectively. Due to the parameter optimal is carried out for TE polarization, the structure has a better performance for TE mode that the maximal loss is lower than −0.15 dB over the entire wavelength range from 1350 nm to 1650 nm.
We further study the effect of the three parameters including the length of the two tapers and the distance between the tips of them on the insertion loss of the proposed structure. Fig. 4(a) shows the minimum insertion loss of the structure at different length of the taper I. Here, the "minimum" means that the other two parameters are optimal to realize the lowest loss once the length of taper I is set to a certain value. As shown in Fig. 4(a) , the insertion loss is less than −0.12 dB when the length of taper I is more than 40 m and the loss increases rapidly when the length is cut down from 40 m. It is not hard to see that 40 m is the critical length for taper I shows the enlarged detail of the dotted black box. All the results in this figure are simulated by the EME method. Fig. 3 . Insertion loss versus wavelength of the TE and TM modes, respectively, simulated by the EME method.
which should be the shortest length in design. However, from the analysis below, we can know that 40 m is not the length which satisfies the slow variation condition. Fig. 4(b) gives the loss as a function of distance between the two tips in four different lengths of taper II while the length of taper I is fixed at 90 m. In all four circumstances, the lowest loss can be lower than −0.2 dB at certain distance but the loss with distance changes more and more intense when the length becomes shorter. The phenomenon of the drastic fluctuation of loss with distance can be also derived from an analytical analysis [19] .
Therefore, from the result in Fig. 4 , we can conclude that the effect of length of the taper on the loss has three cases. One is that the taper is so shorter that the loss is huge for example that the length is shorter than 40 m in Fig. 4(a) . The second case is that the taper can realize low loss in some certain distances but the loss changes rapidly with different distances. The circumstances that the length is 20 m and 40 m respectively in Fig. 4(b) belong to this. The third case is that the taper satisfies the slow variation condition so that it can carry out low loss in a wide range of distances such as the other two circumstances in Fig. 4(b) .
Considering the fact that it is hard to process sharp tip in fabrication, we adjust the structure as shown in Fig. 5(a) and research the impact of the width of the tip on the insertion loss. Comparing the results about the two polarization modes at 1550 nm in Fig. 5(b) and Fig. 3 , the adjusted structure has the same performance with the primal structure [see Fig. 2(a) ] even the width is 450 nm. And it is easy for industrial standard technology to manufacture the tip with a width of 450 nm.
Example II: Design of Mode Converter for Strip-Slot Waveguide on SOI
Since the concept of slot waveguide was proposed [34] , it has attracted extensive attention in integrated optics. Due to the distinctive ability to confine field that most of the electric filed was located at a nanoscale low index area, many applications have employed it to achieve special performance, such as nonlinear applications [35] , sensors on chip [36] , [37] , low half wave plane voltage modulator [38] , and so on. However, the transmission loss of slot waveguide on silicon is much bigger than traditional waveguide on silicon such as strip waveguide (1.34 dB/cm) or ridge waveguide (0.53 dB/cm) [39] . Meanwhile, there is no specialized coupler for slot waveguide with fiber or diode laser because of the large mode mismatch. Heretofore, a common solution for this issue is to take advantage of the strip waveguide as the connection wire to reduce the transmission loss. Besides, the strip waveguide can also be used for power coupling with fiber by many mature solutions such as grating coupler [40] or butt coupler [41] .
Therefore, the mode conversion between slot waveguide and strip waveguide is important. Many effort has put to design the converter [11] , [42] , [43] . The MMI-based mode converter in [43] has a good balance between size and efficiency but it is polarization dependent due to the characteristic of MMI. Here, the double-wedge-shaped structure is also a very good solution to the issue.
To numerically study the structure, FDTD method is used with the grid sizes Áx ¼ 10 nm, Áy ¼ 10 nm, Áz ¼ 10 nm. Fig. 6(a) shows the schematic of the proposed mode converter for strip-slot waveguide mode conversion. The length of the taper I and II are 4 m and 6 m respectively. The distance between the tips of the two tapers is 6.4 m, which is also the total length of the mode converter. The geometries of the strip waveguide and slot waveguide with a slot of 100 nm shown in the insets of Fig. 6(a) are common used in many applications. Fig. 6(b) gives the electric field distribution across the mode converter which shows a good conversion between the two waveguides. Fig. 7(a) gives the insertion loss with different wavelength for TE mode and TM mode. The double-wedge-shaped mode converter have similar device size and very low loss characteristics as the converter in [43] , while it has the advantage of polarization-insensitive. With respect to the band fluctuation, it is lower than 0.2 dB for both the TE mode and TM mode over a range of 200 nm which is well suited for wideband polarization-transparency applications such as WDM system with polarization multiplexing [44] . The reason why the insertion loss of TE mode is lower than TM mode is similar with the example I that the parameters of the mode converter are optimized for TE mode.
The insertion loss for TE mode with different total length of the converter is shown in Fig. 7(b) .
We can see that the converter works well even the total length is just 3 m that the insertion loss is about −0.4 dB and as the length exceeds 9 m, the insertion loss can nearly be ignored. 
Conclusion
In conclusion, we have demonstrated theoretically and numerically a novel versatile, wideband and polarization-independent mode converter based on the proposed double-wedge-shaped structure. The proposed mode converter can serve as a fundamental element in varieties of applications for mode conversion between waveguides with different cross sections in both directions. In principle section, we demonstrate that the proposed structure would achieve negligible loss if the tips of the wedge-shaped waveguides are small enough and the slow variation condition is realized. As examples, the proposed structure is applied in different waveguide platforms including TriPleXtechnology and SOI technology. In example I, it is used for butt coupling between diode laser and double-strip TriPleX waveguide. We study the influence of the polarization, wavelength and the parameters of the double-wedge-shaped structure on the proposed coupler. Besides, we also consider the technology limitation and adjust the proposed structure to be easily fabricated. For example II, the proposed structure is devoted to the mode conversion between strip waveguide and slot waveguide on SOI. We show that it holds good performance on device size, polarization characteristic, insertion loss, and band fluctuation. In both examples, the proposed converters are polarization insensitive, low loss (the insertion loss is less than −0.15 dB at 1550 nm for TE mode), and wideband (band fluctuation is less than −0.2 dB over 300 nm wavelength range except for TM mode in example I).
It is noteworthy that in order to simplify the design of the converter, the linear-shaped taper is employed in the proposed structure. In practice, many optimization algorithms can be utilized to design the shape of the taper to further improve the performance and reduce the size of the mode converter.
